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1.0  INTRODUCTION 


The  present  approach  to  predict  the  effect  of  the  rocket  engine  burning  on  the  base  drag 
of  weapons  was  integrated  into  the  aeroprediction  code  in  the  late  1970’s  and  has  not  been 
upgraded  since  that  time.  The  method  utilized  was  basically  an  extension  of  the  Brazzel' 
technique  by  Johnson.^  The  Brazzel  technique  was  for  solid  rockets,  which  had  an  exit  Mach 
number  of  1 .0  or  greater.  It  required  knowledge  of  some  of  the  details  of  the  rocket  such  as 
chamber  pressure,  exit  area  to  nozzle  throat  area,  specific  heat  ratio  of  the  exit  gas,  and  location 
of  the  nozzle  exit  with  respect  to  the  base  of  the  missile  or  projectile.  This  approach  has  been 
shown  to  give  reasonable  estimates  of  power-on  base  drag  for  a  limited  range  of  flight  conditions 
when  these  parameters  (Pc/P~,  Aj/At,  Yj»  xj/dr)  are  known. 

While  the  approach  by  Brazzel  has  its  strengths,  it  also  has  several  weaknesses  when 
approached  from  an  aerodjmamics  viewpoint.  First,  it  was  limited  to  jet  momentum  flux  ratios 
(RMF)  of  about  2.5  or  less.  Many  of  the  world’s  rockets  have  values  of  this  parameter  much 
higher  and  therefore  the  method  of  Brazzel  needs  to  be  extended  to  higher  values  of  RMF.  This 
was  done  and  documented  informally^  many  years  ago,  but  has  never  been  documented  formally. 
This  report  will  serve  as  formal  documentation  of  the  extension  of  the  Brazzel  method  to  higher 
values  of  RMF.  Another  problem  with  the  Brazzel  technique  from  an  aerodynamicist’s 
viewpoint  is  the  required  knowledge  of  the  engine  parameters.  These  parameters  are  required  in 
order  to  perform  conceptual  design  tradeoffs  of  various  rockets  for  total  drag  when  the  engine  is 
burning.  As  a  result  of  this  desire  for  conceptual  trade  studies  where  some  account  of  engine-on 
base  drag  is  considered,  other  simplified  procedures  are  needed  for  base  drag  prediction.  This 
report  will  address  two  other  options  for  the  user  of  the  aeroprediction  code  to  calculate  power- 
on  base  drag  when  the  user  knows  little  about  the  engine.  Another  limitation  of  the  Brazzel 
method  is  its  limitation  to  supersonic  flow  at  the  nozzle  exit.  While  the  exit  supersonic  flow 
requirement  is  not  a  severe  limitation  for  most  rocket  engines,  it  is  a  severe  limitation  for 
projectile  configurations  that  use  base  bleed  for  base  drag  reduction.  As  a  result  of  this 
shortcoming,  a  method  developed  by  Danberg^  for  predicting  base  drag  for  small  values  of  the 
bleed  injection  parameter  (I)  will  be  incorporated  into  the  aeroprediction  code.  A  final  limitation 
of  the  Brazzel  method  is  that  it  was  derived  based  on  freestream  Mach  number  data  of  1.5  and 
greater.  It  therefore  needs  to  be  extended  to  at  least  the  transonic  Mach  number  regime. 

The  modifications  to  the  aeroprediction  code  for  power-on  base  drag  prediction  will  be  a 
part  of  the  next  release  to  the  public,  which  will  be  in  2002  (AP02).  The  power-on  base  drag 
modifications  will  also  be  incorporated  into  the  personal  computer  interface  for  the  AP02  so  as 
to  allow  the  various  power-on  options  to  be  considered  in  a  very  user  fiiendly  mode. 
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2.0  ANALYSIS 


2.1  POWER-ON  BASE  DRAG  FOR  Mj  ^  1 .0 

Since  the  power-on  base  drag  prediction  method  of  the  AP98  is  based  on  an  extension  of 
the  method  of  Brazzel,  et  al,  it  is  appropriate  to  briefly  summarize  Brazzels  method.  Figure  lA 
shows  the  nomenclature  that  is  used  for  the  rocket  engine  parameters.  As  seen  in  Figure  1  A,  Pc 
is  the  chamber  pressure  of  the  rocket  which  is  also  the  stagnation  pressure  since  velocity  of  the 
gas  is  zero,  dt  is  the  diameter  of  the  nozzle  throat  and  dj  is  the  nozzle  exit  diameter.  Tj,  Mj,  Yj, 
and  Pj  are  all  conditions  of  the  rocket  exhaust  at  the  nozzle  exit  plane,  xj  is  the  distance  aft  of  the 
base  that  the  nozzle  exit  plane  is  located.  The  base  pressure,  Pb,  is  the  pressure  on  the  base  of 
the  rocket  external  to  the  exit  plane.  The  Brazzel  and  Henderson  method  defines  the  base 
pressure  as 


Pb/Pco  = 


T. 


0.19  +  1.28 


RMF 
1  +  RMF. 


3.5 


l  +  2.5(dB/dJ^ 


(1) 


0.047(5-M„)[2(xj/dB)+(xj/dB)". 


where  RMF  = 


7-  P-  d^  M? 

'  j  j  j  j 

Y  P  d^ 


(2) 


(3) 


RMF  of  Equation  (2)  is  defined  as  the  jet  momentum  flux  ratio. 

Brazzel’ s  method  was  built  around  two  fundamental  assumptions  that  he  was  able  to 
develop  based  on  analysis  of  experimental  data  for  jet  exit  Mach  numbers  1.0  to  3.8.  The  first 
assumption  is  that  fi'eestream  Mach  number  and  nozzle  diameter  are  accounted  for  by  the 
momentum  flux  term  defined  by  Equation  (2).  The  second  assumption  was  that  jet  exit  Mach 
number  could  be  described  by  the  ratio  of  the  jet  static  temperature  for  a  given  jet  Mach  number 
to  that  at  a  jet  exit  Mach  number  of  1 .0.  This  relationship  is  defined  by  Equation  (3). 

In  reality,  the  Brazzel  method  was  geared  primarily  to  accounting  for  base  drag  for 
sustainer  rocket  motors  that  typically  have  values  of  thrust  coefficient  of  0.2  to  about  3.0  and  fly 
supersonically.  However,  as  Ae  mass  flow  ratio  or  thrust  coefficient  get  large  or  the  freestream 
Mach  number  is  transonic,  the  Brazzel  method  produces  increasingly  erroneous  results  for  many 
cases.  This  behavior  of  Equation  (1)  is  illustrated  in  Figure  2,  which  correlates  base  pressure 
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A)  ROCKET  ENGINE  PARAMETERS 


d| 


B)  A  TYPICAL  PROJECTILE  BASE  BLEED  CONFIGURATION^ 

FIGURE  I.  NOMENCLATURE  FOR  POWER-ON  CONDITIONS  FOR  ROCKETS 
AND  BASE  BLEED  CONCEPTS 


•  Exp”’ 

AP98:  Use  Brazzel  to  RMF  =  1 .5;  Mean,  Upper  and  Lower  Bound  of  P^/Poo  for  RMF>1 .5 
AP02:  Use  Brazzel  to  RMF  =  0.5,  Interpolate  Linearly  Between  Lower  and  Upper  Curves 
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FIGURE  2.  CORRELATION  OF  AVERAGE  BASE  PRESSURE  FOR  SOME  CONDITIONS  AT  EXIT 
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predictions  on  a  cylindrical  afterbody  for  a  jet  exit  Mach  number  of  one  (Tj  /T*  =1  .oj.  Note  that 
the  Brazzel  correlation  fits  the  data  taken  from  references  1,5,  and  6  quite  nicely  for  RMF  values 
up  to  almost  0.5.  Above  values  of  0.5  the  data  of  Figure  2  is  more  scattered,  particularly  for 
RMF  values  above  about  1.5. 

Brazzel  indicated  he  had  little  data  for  high  thrust  ratios  to  use  in  the  method 
development.  The  method  of  References  2  and  4,  and  included  in  the  AP98,  uses  the  method  of 
Brazzel  for  RMF  values  up  to  1 .5  and  then  the  empirical  curve  fits  that  bracket  most  of  the  data 
of  Figure  2  in  terms  of  upper  and  lower  values  along  with  a  mean  value.  This  mean  value  is 
shown  in  Figure  2.  However,  in  examining  the  data  of  Figure  2  more  closely,  it  was  found  that 
for  higher  values  of  Ct,  Pb/P»  was  primarily  dependent  on  freestream  Mach  number  with  little 
dependence  on  jet  exit  Mach  number  or  jet  exit  diameter.  Apparently,  for  high  thrust  levels  such 
as  would  occur  on  a  high  impulse  sustainer  or  a  booster  rocket  motor,  one  of  the  main  correlation 
parameters  for  Pb/P»  is  M„.  Thus,  the  AP02  will  modify  the  current  methodology  for  power  on 
base  drag  prediction  of  Reference  4  for  RMF  values  greater  than  0.5  so  that  Pb/Poo  will  be 
correlated  with  freestream  Mach  number,  as  opposed  to  giving  the  user  an  upper,  lower,  and 
mean  value  of  Pb/P«o  for  all  freestream  Mach  numbers.  The  discussion  of  power-on  base  drag 
prediction  will  thus  be  broken  down  by  thrust  or  momentum  flux  ratio  level. 

We  will  first  of  all  consider  the  lower  values  of  RMF  or  Ct  which  are  more 
representative  of  a  lower  thrust  sustainer  engine.  For  these  values  of  RMF,  we  will  use  the 
Brazzel  method  given  by  Equations  (1)  through  (3).  To  utilize  the  Brazzel  method,  we  therefore 
must  obtain  values  of  RMF  either  through  direct  input  or  through  calculation  based  on  known 
engine  quantities.  The  parameters  that  are  normally  known  in  a  rocket  engine  are  the  chamber 
pressure.  Pc,  the  nozzle  throat  and  exit  area  and  the  ratio  of  specific  heats  for  the  gas  of  interest. 
We  can  use  this  information  to  determine  the  quantities  Mj  and  RMF  through  the  following 
process.  We  will  first  of  all  assume  isentropic  flow  throughout  the  nozzle.  This  means  there  are 
no  strong  shock  waves  in  the  nozzle,  only  weak  expansion  or  compression  waves.  This  means 
that  the  chamber  pressure,  which  is  the  total  pressure,  is  constant  throughout  the  nozzle  (since 
velocity  is  zero  in  the  chamber).  Thus 


(1? 

f  p  ') 

% 

p  p 

■*■00  •*■00 

Ipj  J 

p 

V^oo  J 

Also  for  isentropic  flow,  the  nozzle  exit  to  throat  area  ratio  can  be  related  to  the  exit  Mach 
number  through  the  expression'*; 


M; 


7  ^  r  y  ■  “  1  ^ 

1  +  ^ — mJ 


Yj+l 


(5) 


Knowing  dj,  dt,  and  Yj,  Equation  (5)  can  be  solved  iteratively  using  something  like  the  Newton- 
Raphson  method  for  the  exit  Mach  number  Mj.  Knowing  Mj,  then  since. 
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JL 

Yj-l 


The  exit  pressure  Pj  can  be  determined  since  Pq.  is  known  from  Pc-  That  is 


(6) 


Yi"!  ■> 
1  +  -!-^ — M- 

O  J 


or 


Zc 

Pco 


(7) 


Now  knowing  Pj/P«,  Aj/Aref,  Mj/Mco  and  Yj/Y“>  we  can  compute  the  jet  momentum  flux  ratio  from 
Equation  (2).  Finally,  knowing  xj/xb  and  Tj  /T*  from  Equation  (3),  the  base  pressure  ratio  for 
power  on  can  be  computed  from  Equation  (1). 


The  base  pressure  coefficient  is  defined  by 


L 


^-1 

p^ 


(8) 


where  Pb/P*  comes  from  Equation  (1).  Finally,  the  base  drag  coefficient  for  power  on  conditions 
is 


C 


Ab 


2 


V 


(9) 


Also  notice  that  Equation  (9)  subtracts  out  that  part  of  the  base  area  attributed  to  the  jet  exit 
diameter,  where  the  pressure  is  Pj,  not  Pb-  Pj  is  used  in  the  calculation  of  jet  thrust  coefficient 
through  the  relationship 


Cx  =2RMF  + 


2 

2 

fPj 

-1 

J 

UrJ 

Yoo 

IPoo 

(10a) 


Of  course,  thrust  coefficient  is  also  related  to  the  thrust  through  the  nondimensional  equation 
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2T 

Cx= - ^^4 -  (10b) 

Yco  Poo 

RMF  and  Pj/P«,  of  Equation  (10a)  come  from  Equations  (2)  and  (7),  respectively.  The  total  axial 
force  coefficient  is  then 

(10c) 

where  ,  and  are  the  axial  foree  coefficients  due  to  wave,  skin-fnction,  and  base 

drag,  respectively. 

As  mentioned  earlier.  Equation  (1)  is  limited  to  low  to  moderate  values  of  jet  momentum 
flux  ratio  (RMF  ^  0.5).  Many  rockets,  including  some  in  the  Navy,  have  values  of  RMF  much 
higher  than  0.5.  As  a  result,  the  method  of  Brazzel,  et  al,'  was  extended  to  higher  values  of  RMF 
using  data  later  taken  by  Craft  and  Brazzel,^  Henderson,^  and  Deep,  et  al.^ 

Figure  3A  is  a  summary  of  the  data  of  Reference  6  which  varies  jet  exit  Mach  number 
from  1.7  to  2.7  and  varies  jet  to  reference  diameter  from  0.8  to  0.93.  Figure  3A  is  plotted  as  a 
function  of  thrust  coefficient. 

Thrust,  or  thrust  coefficient,  is  more  likely  known  for  rocket  motors  as  opposed  to  jet 
momentum  flux  ratio,  which  must  be  calculated.  Hence,  this  is  the  parameter  on  which  Figure 
3A  is  based.  As  seen  in  Figure  3  A,  as  Cj  gets  large,  the  base  drag  (Pb/P~  <  1  -0)  becomes  a  base 
thrust  (Pb/Pco  >  1 .0). 


Thrust  Coefficient  (Cj) 

FIGURE  3A.  CORRELATION  OF  BASE  PRESSURE  RATIO  WITH  MACH  NUMBER  FOR  THRUST 
COEFFICIENTS  TYPICAL  OF  BOOSTER  ROCKET  MOTORS  (Mj  =  1.7  TO  2.7,  dj/de  =  0.8) 
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Also,  Figure  3A  illustrates  that  for  high  values  of  Ct,  jet  exit  Mach  number  is  not  as 
important  a  parameter  since  exit  Mach  number  varied  from  1 .7  to  2.7  for  this  set  of  data.  Little 
variation  was  found  in  the  data  of  Reference  6  versus  exit  Mach  number,  so  a  mean  curve  was 
drawn  through  the  experimental  data  for  each  freestream  Mach  number. 


Figure  3B  presents  a  summary  of  the  data  from  Reference  7  for  high  values  of  thrust 
coefficient  for  various  nozzle  geometries  at  M„  =  2.5.  As  seen  in  Figure  3B,  nozzle  exit  Mach 
number  and  geometry  play  a  large  role  in  base  pressure  ratio.  This  contradiction  in  Figure  3A 
and  3B  was  one  reason  the  AP81,  and  all  more  recent  versions  of  the  aeroprediction  code,  gave  a 
lower,  upper,  and  mean  value  of  power-on  base  pressure  coefficient  for  various  values  of  RMF 
or  Ct  (see  Figure  2).  Also  shown  on  Figure  3B  for  comparison  purposes  is  the  single  curve  from 
Figure  3A  based  on  the  Reference  6  data  at  M„  =  2.5.  This  data  was  taken  for  jet  exit  Mach 
numbers  of  1.7  to  2.7  and  for  conical  exit  angles  of  9.1  deg  to  23.3  deg.  In  fact,  the  6j  =  9.1, 
Mj  =  2.7  condition  is  very  nearly  the  same  as  the  0j  =  10  deg,  Mj  =  2.7  condition  of  the 
Reference  5  data.  Note  the  large  difference  in  the  data  of  References  5  and  6  for  this  condition. 
On  the  other  hand,  the  Reference  6  data  and  Reference  5  data  for  the  Mj  =  2.0,  0j  =  10  deg  and 
Mj  =  2.7  and  Oj  =  20  deg  conditions  are  fairly  consistent.  The  authors  cannot  explain  the 
inconsistency  in  the  data  of  References  5  and  6.  One  is  left  with  the  conclusion  that  there  are 
some  physics  going  on  that  require  conditions  other  than  M«,  Mj,  Oj,  dj/dr,  Yj>  Y“  to  be  accounted 
for,  or  some  of  the  data  in  Reference  5  had  measurement  problems.  Some  possible  sources  of 
inconsistencies  between  the  Reference  5  and  6  data  are  boundary  layer  separation  at  the  aft  of  the 
body  where  the  plume  and  freestream  meet,  laminar  versus  turbulent  conditions  at  the  aft  end, 
which  can  affect  base  pressure,  or  the  bow  shock  reflecting  off  the  tunnel  wall  in  the  base  region. 
At  any  rate,  the  authors  will  use  Figure  3A  as  the  model  for  base  pressure  in  the  AP02.  In  so 
doing,  the  authors  recognize  that  the  empirical  model  that  will  be  a  part  of  the  AP02  may  not 
account  for  some  of  the  physics  going  on  at  the  base  of  the  configuration  in  some  cases. 
However,  the  preponderance  of  the  experimental  data  the  authors  have  examined  seems  to  imply 
that  as  freestream  Mach  number  and  thrust  coefficient  increase,  the  base  pressure  ratio  increases 
in  analogy  to  Figure  3  A, versus  the  lower  curves  in  Figure  3B. 

The  method  that  will  be  a  part  of  the  AP02  will  therefore  have  several  changes  from  that 
in  the  AP98.  First,  the  method  of  Brazzel  will  be  used  up  to  values  of  RMF  of  0.5  versus  1.5  as 
currently  done  in  the  AP98.  Next,  for  values  of  RMF  >  0.5,  a  more  robust  empirical  relationship 
was  derived  for  Pb/P»  than  Equation  (1).  This  equation  is  defined  by 


Pb/P~ 


iN  ^ 


C,(Cx,M„)+C2(M„) 


RMF 
1  +  RMF 


f(dB/dJ 


+  0.047  (5-M„)[2(xj/dB)+(xj/dB)'] 


(11a) 


where 


12 -Ct 

N  = - 1.0<Ct<12 

11.0  ^ 

=  0  ,  Ct>12 

=  1  ,  Ct<1.0 
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FIGURE  3B.  EXPERIMENTAL  BASE  PRESSURE  COEFFICIENT  VS  THRUST 
COEFFICIENT  (M„  =  2.5,  dj/dr  =  0.8,  CONICAL  NOZZLE  EXIT) 


Cl  (Ct,  M»)  and  C2  (NL)  of  Equation  (11a)  are  found  from  Table  1  by  linearly  interpolating 
based  on  a  given  value  of  Ct  and  M».  Also,  for  Mach  numbers  below  about  1.5,  it  was  found 

that  Tj  /T*  should  have  limiting  lower  values.  This  limiting  lower  value  is  defined  by 


(  .\  /  x(0-7-Tj/T*) 

(t./T*)  .  =0.7-(M<„-1.2)^^ - -T--^;1.2<M„  <1.5 

\  J  J  /mm  \  ^  /  Q  ^ 

(T:/T*)  .  =0.7  ;M„  <1.2 

\  J  J  /min 


(lib) 


TABLE  1.  EMPIRICAL  MODEL  AND  PARAMETERS  TO  DEFINE  POWER-ON  BASE  PRESSURE 


C,(Ct,M„) 

C2(M 

CO,  Ct) 

Ct 

_ Ct _ 

^1.0 

2.0 

20 

40 

^70 

^1.0 

^2.0 

^0.9 

0.19 

0.16 

-0.06 

0.02 

0.0 

1.24 

1,24 

1.0 

0.19 

-0.085 

-0.06 

0.02 

0.0 

1.28 

1.37 

1.25 

0.19 

-0.085 

-0.01 

0.02 

0.0 

1.28 

1.47 

1.65 

0.19 

-0.175 

-0.06 

0.04 

0.0 

1.28 

1.70 

2.0 

0.19 

-0.30 

-0.20 

0.02 

0.0 

1.28 

1.90 

2.5 

0.19 

-0.45 

-0.23 

0-01 

0.0 

1.28 

2.30 

3.0 

0.19 

-0.55 

-0.22 

-0.03 

0.0 

1.28 

2.50 

2:4.0 

0.19 

-0.65 

-0.10 

-0.04  1 

0.0 

1.28 

2.7 
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Equations  (1)  -  (10),  except  Equation  (1 1)  is  substituted  for  Equation  (1).  If  thrust  and  Pj/P«  are 
given,  then  from  Equation  (10), 

RMF  =  - 
2 

Then  utilizing  Equation  (2) 

^  IrMFYoo  Pqo  d?  (12b) 

TjPjd? 

Likewise,  if  thrust  and  Mj  are  known,  then  utilizing  Equations  (2)  and  (10)  we  obtain 


(13) 


Ct  - 


,M 


00 


J 


(12a) 


RMF  can  then  be  computed  from  Equation  (2). 

Finally,  if  thrust  and  Pc/P»  are  given  then  utilizing  Equations  (13),  (4),  and  (6),  we 

obtain: 


■ 

I 

i 

I 

I 

I 

I 


(13a) 


All  terms  in  Equation  (13a)  are  known  except  Mj.  Mj  can  be  found  by  a  numerical  iterative 
solution  of  Equation  (13a). 

Of  course,  Ct  is  defined  by  Equation  (10b)  repeated  here  for  convenience; 


C-j-  =  • 


2T 


(14) 


C  C  and  Ca  are  then  obtained  through  use  of  Equations  (8),  (9),  and  (10), 

'-'Pg  ’  ^Ab  ’  ^ 

respectively. 


I 

I 

» 
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A  third  alternative  for  rocket  engine  effects  on  base  drag  and  total  weapon  performance  is 
where  you  know  nothing  about  the  rocket  engine,  except  you  know  you  want  to  parametrically 
trade  off  power-on  base  drag  conditions  as  a  function  of  the  key  engine  parameters.  To  do  this 
we  will  assume  several  alternatives.  The  first  assumes  =  0 .  For  =  0 ,  either 
dj/ds  =  1 .0  or  RMF  is  high  enough  so  that  Pb/P»  =  1 .  The  second  alternative  is  to  assume 

(15) 


This  assumption  assumes  the  power-on  base  drag  is  half  of  the  power-off  value,  and  is  not  an 
unreasonable  assumption  for  many  rocket  engines  with  moderate  thrust  levels.  The  third 
assumption  assumes 


Cab  =(Cab) 


power  off 


(16) 


That  is.  Equation  (16)  says  the  engine  has  no  effect  on  base  drag.  The  final  alternative  is  to 
assume  we  have  a  very  high  value  of  RMF  so  that  we  have  a  base  thrust  as  opposed  to  a  base 
drag.  For  this  option  we  let 


power  off 


(17) 


where  K  varies  from  - 1 .5  to  2.5. 

While  it  is  true  these  four  alternatives  of  base  drag  that  allow  a  variation  in  from  1.5 
to  —  2.50^^  are  just  approximations  based  on  no  real  rocket  engine,  the  options  are  reasonable 
boundaries  of  what  one  should  expect  for  power-on  effects  on  base  drag. 

Figure  4  summarizes  the  alternatives  to  compute  power-on  base  drag  that  will  be  a  part  of 
the  AP02. 


2.2  BASE  BLEED 

Base  bleed  is  an  alternative  considered  for  use,  primarily  in  unguided  projectiles,  to 
decrease  base  drag.  The  concept  works  on  the  basis  of  burning  a  small  amoxxnt  of  propellant  in 
the  base  of  a  projectile.  This  burning  generates  an  exhaust  gas  which  is  typically  subsonic  and 
incompressible  and  raises  the  temperature  and  pressure  in  the  base  area,  thus  lowering  the  base 
drag.  Figure  IB  is  an  example  of  a  base  bleed  configuration  taken  from  Reference  3.  There 
have  been  numerous  references  in  the  literature  over  the  past  40  years  or  so  that  address  the  base 
bleed  problem.  Some  of  the  more  notable  references  are  given  by  9-19,  in  addition  to 
Reference  3.  However,  as  noted  by  Danberg^,  many  of  these  references  investigated  the  effects 
of  base  bleed  or  base  pressure  in  wind  tunnel  tests  where  fairly  high  values  of  the 
nondimensional  injection  parameter  were  used.  This  parameter  is  defined  by 
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Option  1  Use  Brazzel,  et  al'  method  for  RMF  values  equal  to  or  less  than  0.5. 

Inputs  Required;  (RMF  <  0.5  or  C-j-  <  1 .0) 

•  Chamber  pressure  ratio  (Pc/P~) 

•  Nozzle  throat  to  nozzle  exit  area  ratio 

•  Nozzle  exit  diameter 

•  Nozzle  exit  location  with  respect  to  base 

•  Specific  heat  of  gas  at  exit 

Option  2  Use  modified  method  of  Brazzel  for  values  of  RMF  >  0.5  or  Ct  ^  1.0 

Inputs  Required; 

•  Thrust 

•  Specific  heat  of  gas  at  exit 

•  Either  Pc/P<»,  Pj/P»,  or  Mj 

•  Nozzle  exit  location  with  respect  to  base 

•  Nozzle  exit  diameter 

Option  3  No  engine  parameters  known;  want  to  perform  conceptual  design  study  for  a 
range  of  power-on  conditions,  (k  =  -1.5  represents  the  outer  boundary  of 
thrust  produced  from  a  high  thrust  booster  rocket  and  k  =  +2.5  represents  the 
outer  boundary  of  base  drag  obtained  from  a  low  thrust  sustainer  motor.  Most 
engines  fall  in  between  these  two  extremes.) 

Inputs  Required;  (Select  one  of  the  following  options) 

^Ab  ^Ab  ”(^Ab  ^^)powerofF’  ^Ab  ~  (^Ab  Ipoweroff 

d)  C,,  with -1.5  <KS  2.5; 


FIGURE  4.  ALTERNATIVES  TO  COMPUTE  POWER-ON  BASE  DRAG  IN  AP02 
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Poo  '^oo  •^ref 

and  is  the  ratio  of  the  mass  flow  out  of  the  bleed  exit  to  that  in  a  stream  tube  of  area  equal  to  the 
cross  sectional  area  of  the  body.  Many  of  the  References  9-19  were  for  wind  tunnel  tests  where 
values  of  I  =  .01  to  .04  were  considered  for  cold  air  whereas  the  practical  case  for  projectiles  is  I 
£  .001  to  .005  with  hot  gas.  These  low  values  of  I  for  projectiles  are  due  to  the  fact  that  only  so 
much  propellant  can  be  carried  in  the  projectile  cavity  (see  Figure  1),  and  if  a  high  value  of  1  is 
used,  the  time  over  which  the  base  drag  reduction  occurs  will  be  very  short.  A  slower  bum, 
lower  velocity  exhaust  gas,  and  hence  lower  value  of  I  is  thus  more  practical,  even  though  the 
optimum  value  of  I  is  about  .01  to  .03  for  minimum  base  drag  based  on  the  cold  gas  tests  of 
References  9  and  10. 


Assuming  values  of  I  of  .001  to  .005  allows  some  simplifications  in  the  base  pressure 
estimation  process.  This  is  because  for  values  of  I  <  0.005,  the  base  pressure  is  approximately  a 
linear  variation  with  I.  This  is  illustrated  by  the  results  of  Reference  15  in  Figure  5  and  of 
Reference  10  in  Figure  6.  Figure  5  shows  Pi>/P~  varies  nearly  linearly  for  low  values  of  I  at 
Me  =  3.0  for  various  injector  areas.  Figure  6  shows  Pb/Pco  varies  nearly  linearly  for  low  values  of 
I  where  dj/dr  =  0.4  and  for  several  values  of  Mach  number.  Reference  13  and  several  other 
references  have  also  come  to  the  same  conclusion  of  the  linear  variation  of  Pb/P».  for  low  values 
of  I  t5q)ical  of  base  bleed  conditions. 


Danberg^  used  the  conclusion  of  near  linearity  of  Pb/P<»  as  a  function  of  I  for  I  <  0.005  to 
derive  a  semiempirical  relationship  to  predict  base  pressure.  Since  the  purpose  of  including  base 
bleed  in  the  aeroprediction  code  (APC)  is  to  allow  application  primarily  to  unguided  projectiles 
and  since  the  range  of  practical  interest  of  base  bleed  for  projectiles  is  fairly  low,  a  slightly 
modified  method  of  Danberg  will  be  adopted  for  use  in  the  APC.  Danberg’s  method  defines  the 
base  pressure  as 


h. 

Pcc 


p  A 

£b 

vP«>  7 1=0 


al 

1  +  porI 


(19) 


a  = (P^  /  P“)=  [-5.395  + 0.01  72Tj]m^ 
where  r  i  r  1  ^ 

+  [4.6 1 0  -  0.0 1 46Tj  J  M  ^  +  [-  0.566  +  0.00446Tj  J  M; 

(20a) 

and 

P  =  15.1-46.3(M„-0.71) 

(20b) 

Tj  of  Equation  (20)  must  be  in  degrees  Rankine.  Also,  if  P  is  less  than  2.6,  it  should  be  set  to  2.6 
according  to  Danberg.  Also,  an  upper  limit  of  Pb/P<»  of  1 .0  will  be  included  in  the  modified 
Danberg  theory.  Notice  that  Equation  (19)  has  some  nonlinearity  brought  into  the  method 
through  the  second  term.  Danberg  used  a  combination  of  computational  fluid  dynamics 
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FIGURE  5.  BASE  PRESSURE  AS  A  FUNCTION  OF  I  FOR  VARIOUS  EXIT  AREAS  AT  M.  =  3.0 

(REFERENCE  15) 


FIGURE  6.  BASE  PRESSURE  AS  A  FUNCTION  OF  I  FOR  VARIOUS  MACH 
NUMBERS  AT  dj/dr  =  0.4  (REFERENCES  10  AND  3) 
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calculations  for  forebody  wave  and  skin  friction  drag,  in  conjunction  with  total  axial  force  from 
ballistic  range  data,  to  back  out  the  base  axial  force  term.  Knowing  ,  the  base  pressure  for 
no  base  bleed  can  be  calculated  from 


+  1 


(21) 


Equation  (21)  is  then  used  as  the  first  term  of  Equation  (19).  The  present  approach 
differs  from  Danberg’s  approach  in  that  (Pb/P»)i=o  will  be  defined  based  on  the  present  method  in 
the  APC.'*  In  this  approach,  a  mean  base  pressure  coefficient  curve  has  been  defined  based  on  an 
extensive  database  taken  over  many  years.  This  mean  base  pressure  coefficient  curve  is  shown 
in  Figure  7.  Thus  for  a  given  ffeestream  Mach  number,  one  determines  a  value  of  (Pb/P»)i=o  from 
Equation  (21).  Then  for  a  given  value  of  exit  temperature,  Tj,  freestream  Mach  number  and 
injection  parameter  I,  the  base  pressure  can  be  calculated  from  Equation  (19).  Base  pressure 
coefficient  is  then  calculated  from  Equation  (8). 


For  the  base  bleed  methodology,  Danberg  assumed  that  Pj  =  Pb  in  his  analysis.  Hence, 
for  base  bleed,  we  do  not  subtract  the  area  of  the  exit  from  the  axial  force  calculations  as  we  did 
for  rocket  motors  (see  Equation  9).  The  base  axial  force  coefficient  for  base  bleed  conditions  is 
thus 


C 


Ab 


(ds] 

2 

Ur  J 

;  i  =  0  for  flare 


;  i  =  1  for  boattail 


(22) 


To  summarize  the  new  methodology  which  will  be  incorporated  into  the  2002  version  of 
the  aeroprediction  code,  we  will  use  a  slightly  modified  method  of  Danberg  where  base  pressure 
is  defined  by  Equations  (19),  (20),  and  Figure  7;  and  base  axial  force  by  Equation  (22). 
Equation  (19)  requires  an  input  value  of  freestream  Mach  number,  exit  temperature  in  degrees 
Rankine  and  a  value  of  the  Injection  parameter  I.  For  most  accuracy,  I  should  be  less  than  0.005, 
but  values  of  I  as  high  as  0.01  can  be  assumed,  but  with  larger  errors  in  the  prediction  process. 


2.3  MODIFIED  BASE  DRAG  PREDICTION  MODEL 

The  base  drag  prediction  model  currently  in  use  in  the  AP98  is  described  in  References  4 
and  8.  This  model  accounts  approximately  for  the  effects  of  Mach  number,  angle  of  attack,  fin 
thickness,  fin  location,  fin  local  angle  of  attack,  power-on/off,  and  boattail  or  flare.  A  slight 
modification  to  the  method  of  Reference  4  is  being  made  here  as  a  result  of  Equation  (9),  which 
excludes  the  jet  area  for  rockets,  whereas  for  base  bleed,  the  jet  area  is  included.  The  modified 
base  drag  computational  process  is  summarized  in  Figure  8. 
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FIGURE  7.  MEAN  BODY-ALONE  BASE  PRESSURE  COEFFICIENT 

USEDINAP98* 


The  first  step  in  Figure  8  is  to  compute  the  body  alone  effects  on  base  pressure 
coefficient  due  to  Mach  number  and  angle  of  attack.  The  base  pressure  coefficient  of  the  body 
alone  at  zero  angle  of  attack  as  a  function  of  Mach  number  is  shown  in  Figure  7.  The  factor  F,  of 
Equation  (1)  in  Figure  8  is  defined  in  Figure  9A  for  M=o  ^  2.0  and  in  Figure  9B  for  M»  <  2.0. 
These  results  were  taken  directly  from  Reference  4.  The  reader  is  referred  to  that  reference  for 
the  derivation  of  these  figures  as  well  as  the  overall  base  drag  prediction  model  in  the  AP98.* 

Part  B  of  Figure  8  treats  the  effect  of  tail  fins  on  the  base  pressure  coefficient.  There  are 
three  effects  accounted  for  empirically  in  Reference  4  and  Figure  8.  These  are  fin  thickness  and 
local  angle  of  attack  effects,  which  are  defined  by  Equation  (2)  of  Figure  8,  and  fin  location 
effects,  which  are  defined  by  Equation  (8)  of  Figure  8.  F2  and  F3  of  Equation  (2)  of  Figure  8  is 
defined  by  Figures  10  and  11,  respectively.  Figure  10  shows  that  there  can  be  a  fairly  substantial 
increase  in  the  power  off  base  pressure  coefficient  as  the  local  angle  of  attack  of  the  wing  is 
increased.  Figure  1 1  shows  the  additional  increase  in  the  magnitude  of  Cp^  due  to  fin  thickness 

effects.  It  is  seen  that  this  effect  is  the  largest  when  |  a  +  6 1  =0  and  goes  to  zero  when  |  a  +  6 1  ^ 
30  deg.  In  other  words,  when  one  has  a  fairly  large  local  angle  of  attack  on  the  wing.  Figure  10 
shows  the  magnitude  of  the  base  pressure  coefficient  increasing,  but  additional  effects  due  to 
thickness  (Figure  1 1 )  are  reduced  over  what  they  would  be  if  the  local  angle  of  attack  were  zero. 

The  final  fin  effect  on  Figure  8  is  the  fin  location  effect,  which  is  defined  by  Equation  (3) 
of  Figure  8.  Note  that  both  Figures  10  and  1 1  were  derived  with  fins  located  flush  with  the  base 
of  the  projectile  or  missile.  Figures  12  A,  12B,  and  12C  show  the  effect  of  various  fin  thickness 
to  body  reference  diameter  on  base  pressure  as  a  function  of  fin  location,  all  at  Moo  =  2.0. 
Figure  12A  is  for  |a  +  6|  =0  deg.  Figure  12B  is  for  |a  +  6|  =5  deg,  and  Figure  12C  is 
forja  +  6|  =10  deg.  Referring  to  Equation  (3)  of  Figure  8,  the  first  term  of  Equation  (3)  is  the 
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A.  Body  Alone  Cp^ 

1 .  Compute  (Cpg  based  on  data  base  of  ^Pb  vs  M«>  (see  Figure  7) 


2.  Base  Bleed  (Inputs:  I,  Tj) 


Pb/Pcc  = 


YcoM: 


(Cp  )  +1  +  - 

V  Pb  /NF,a=0  2 


+  2.6al 


(C  )  -^"^-1 

V  PBVa=0  yMilK 


3.  Power-On:  Brazzel  (inputs:  Pc/P»,  Aj/Aj,  xj/dr,  Yj) 


P„ /P^  =  i  ro.i9  +  1.28f^^ 


"  “  T;L -  U  +  RMFjJ[l-F2.5(de/d,)^J 

+  0.047(5-M„)[2(xj/dB)+(xj/dB)'] 

•  Compute  Cpg  from  Equation  (2) 

4.  Power-on:  Modified  Brazzel  (Inputs:  T,  dj/dr,  Yj>  Xj-Mf’  either  Pc/P«o,  Pj/Poo  or  Mj) 


.  p  /p  =  II  Tc  (CT,M„)+C2(CT,M„)f-5^^11  - ^ 

(t; J  [  *ll  +  RMFjJ[l  +  2.5(dB/d,f 

+  0.047(5-M«,)[2(xj/dB)  +  (xj/dB)'] 

•  Compute  Cpg  from  Equation  (2) 

5.  Power-on:  Conceptual  Design 

•  C.  „  ;  f  =  -1.5to2.5 

Ab  L'  AB/poweroffJ 
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B.  Body  Alone  a  Effects 

(Cp  )  =(Cp„)  [l  +  O.OlF,] 

^  PB''NF,a  PB/NF,a=0'- 

Fi  =  Body  Alone  a  Effects  (see  Figure  9) 

C.  Tail  Fin  Effects 

1 .  Deflection  and  Thickness  Effects 


Fa  =  I  a  +  6 1  Effects  (see  Figure  10) 

F3  =  Additional  Effects  due  to  Thickness  (see  Figure  11) 


2.  Fin  Location  Effects  when  x/c  ^  0 

(Cp  )  =(Cp„)  +0.0l(ACrt)  .  ,  ,  (see Figure  12) 

'  'ttjSjt/CjX/c  '  ^ '  NF,a  '  ^  ^a,5,t/c,x/c=0 


D.  Boattail  Effect 


Ca.  =-(Cp.).,3,,„,.  (dB/d^^ta^bleedor 
=  -(CpbU,,/„,.  I'lB/d,)'  J ];poweron 


E.  Flare  Effect 

Cab  =  -(CpB  )f  (de  /  dr)" ;  base  bleed  or 

power  off  ;  see  Table  3  for  (CpJ^ 

=  "(CpB  )a,8.t/c.x/c  [(dn  /dr)^  -(dj  /dr)"];  power  on 


(6) 


(7) 


(8) 


(9) 


(10) 


FIGURE  8.  MODIFIED  EMPIRICAL  BASE  DRAG  PREDICTION  MODEL  OF  REFERENCE  4  (Continued) 
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Butler  et  al.  Data  (Ref.  20) 

o  Moo— 0.6 

A  Moo=^1 .0 

□  Moo=1.5 

.  Extrapolation 


Moo— 0.6 


FIGURE  9B.  PERCENT  INCREASE  IN  BODY-ALONE  BASE  PRESSURE 
COEFFICIENT  DUE  TO  ANGLE  OF  ATTACK  (M.  <  2) 
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FIGURE  10.  PERCENT  INCREASE  IN  BASE  PRESSURE  COEFFICIENT  DUE  TO  COMBINED 
EFFECTS  OF  ANGLE  OF  ATTACK  AlvFD  CONTROL  DEFLECTION  (t/c  “  0) 


FIGURE  1 1 .  PERCENT  CHANGE  IN  BASE  PRESSURE  COEFFICIENT  DUE  TO 
FIN  THICKNESS  AT  VARIOUS  VALUES  OF  I  a  +  6 1 


a  +  6  =5'  Pb'nf.  a  =  5  '^Pb^c.  x/c.  a  +  6 


NSWCDD/TR-OO/67 


FIGURE  12A.  PERCENT  INCREASE  IN  BASE  PRESSURE  COEFFICIENT  DUE  TO 
FIN  LOCATION  ( |  a  +  6 1  =  0  DEG,  M.  =  2.0) 
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FIGURE  12C.  PERCENT  INCREASE  IN  BASE  PRESSURE  COEFFICIENT  DUE  TO 
FIN  LOCATION  ( |  a  +  6 1  =  1 0.0  DEG,  M„  =  2.0) 


value  of  the  body  alone  obtained  from  Equation  (1)  of  Figme  8.  The  ACp^  term  of  Equation  (3) 
of  Figure  8  is  the  percent  change  obtained  from  interpolation  of  Figures  12A  through  12C.  If 
I  a  +  6 1  >10  deg,  Figure  12C  is  used  directly  for  fin  location  effects.  It  is  interesting  to  note  that 
when  |a  +  6|  =0,  Figure  12A  shows  little  effect  of  fins  of  reasonable  thickness  at  1.0  caliber 
ahead  of  the  base.  However,  for  |a  +  6|  >  5  deg,  the  fins  need  to  be  2.5  caliber  or  greater  ahead 
of  the  base  to  have  negligible  effect  on  base  pressure. 

Once  the  final  power  off  value  of  base  pressure  coefficient  is  known  from  either 
Equation  (1)  of  Figure  8  (if  there  are  no  fins  present),  or  Equations  (2)  or  (3)  of  Figure  8  (if  there 
are  fins  present),  we  now  proceed  to  calculate  the  change  in  base  pressure  coefficient  due  to 
power  on  effects.  Since  the  power-on  base  drag  data  was  primarily  collected  for  fins  off  and  at 
zero  angle  of  attack,  we  will  assume  the  effects  of  angle  of  attack  and  fins  will  apply  to  bolh 
power-on  and  power-off  conditions.  Knowing  the  value  of  ^Pb  with  power  off  or  with  power 
on,  boattail  or  flare  effects  on  base  pressure  are  accounted  for  by  Equations  (9)  or  (10), 
respectively,  of  Figure  8. 

It  should  be  pointed  out  that  the  Cp^  for  the  power-on  case  of  Equation  (10)  in  Figure  8 
is  based  on  Equations  (3)  and  (4)  of  Figure  8  because  these  equations  have  a  term  included  for 
boattail  or  flare.  However,  the  Cp^  for  the  base  bleed  or  power-off  conditions  of  Equation  (10) 
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is  based  on  Table  3,  since  there  is  no  term  to  account  for  the  increase  in  base  pressure  due  to  a 
flare. 


TABLES.  NEGATIVE  BASE  PRESSURE  COEFFICIENTS  (“Cp^)^  FOR  VARIOUS  FLARE  ANGLES 

AS  A  FUNCTION  OF  MACH  NUMBER 


0b  (deg) 

0 

5 

10 

^15 

0 

0.127 

0.170 

0.220 

0.288 

0.2 

0.129 

0.172 

0.222 

0.290 

0.4 

0.131 

0.174 

0.224 

0.292 

0.6 

0.135 

0.176 

0.225 

0.305 

0.8 

0.155 

0.190 

0.237 

0.330 

0.9 

0.195 

0.225 

0.273 

0.367 

1.0 

0.210 

0.250 

0.305 

0.407 

1.1 

0.220 

0.260 

0.305 

0.410 

1.2 

0.225 

0.260 

0.305 

0.405 

1.4 

0.205 

0.235 

0.288 

0.371 

1.6 

0.170 

0.210 

0.239 

0.280 

2.0 

0.145 

0.165 

0.180 

0.192 

2.4 

0.115 

0.133 

0.143 

0.153 

3.0 

0.090 

0.098 

1  0.104 

0.114 

3.5 

0.070 

0.082 

0,084 

0.086 

4.0 

0.065 

0.065 

0.065 

0.065 

6.0 

0.034 

0.034 

0.034 

0.034 

10.0 

0.029 

0.029 

0.029 

0.029 

>18.4 

0.0 

0.0 

0.0 

0.0 

Before  leaving  the  empirical  model  for  base  drag  prediction,  some  comments  are  in 
order.  First  of  all,  there  are  a  lot  of  variables  accounted  for,  and  in  many  cases,  the  data  is 
limited  to  definitively  account  for  these  variables.  It  is  believed  the  body  alone  curve  of  Figure  7 
is  quite  accurate  in  predicting  power  off  base  drag  where  the  boimdary  layer  ahead  of  the  base  is 
turbulent.  It  is  believed  the  body  alone  angle  of  attack  effects  for  a  <  15  deg  of  Figure  9  is  quite 
reasonable.  However,  for  a  >  15  deg,  engineering  judgement  is  used  in  the  extrapolation 
process.  It  is  also  believed  that  the  boattail  and  flare  calculations  of  base  axial  force  of  Figure  8 
are  very  accurate.  The  power  on  effects  of  rocket  motors  and  base  bleed  are  reasonable  for  the 
conditions  assumed.  The  fin  thickness  effects  of  Figure  8  are  also  reasonable.  However,  the  fin 
angle  of  attack  effects  in  conjxmction  with  fin  thickness  is  based  on  limited  data,  as  are  fin 
location  effects.  Hence,  more  engineering  judgement  is  used  and  it  is  expected  that  more  errors 
could  occur  as  well.  The  final  assumption  is  that  the  power-on  effects  are  assumed  to  apply  to 
both  configurations  with  and  without  fins. 

From  the  previous  discussion  on  assumptions,  it  is  fair  to  say  that  more  data  or 
computational  fluid  dynamics  computations  or  both  are  needed  to  aid  in  the  definition  of  base 
pressure  coefficient  when  several  variables  are  present.  This  is  particularly  true  for 
configurations  where  fins  are  present  and  the  local  angle  of  attack  of  the  fins  is  nonzero. 
However,  until  more  data  are  available,  the  empirical  model  presented  here  to  account  for  the 
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various  effects  on  base  pressure  is  believed  to  be  the  most  comprehensive  method  available, 
short  of  a  full  Navier  Stokes  calculation  for  each  case  of  interest. 


3.0  RESULTS  AND  DISCUSSION 


The  comparison  of  the  theory  and  experiment  will  be  separated  into  the  base  bleed  and 
power-on  base  drag  predictions.  The  base  bleed  results  will  be  discussed  first. 


3.1  BASE  BLEED 

There  have  been  several  experiments  conducted  to  measure  the  effect  on  base  pressure  of 
bleeding  a  small  amount  of  both  cold  and  hot  air  into  the  base  region  of  an  ogive-cylinder 
configuration.  Figures  5  and  6  illustrate  some  of  these  results  for  cold  air  conditions  with 
varying  Mach  numbers  and  exit  area.  The  modified  theory  of  Danberg  will  be  compared  to  these 
and  other  results  for  validation. 

The  first  set  of  results  to  be  considered  are  those  of  Bowman  and  Clayden'^  and  Reid  and 
Hastings^.  They  measured  base  pressure  for  various  Mach  numbers  with  cold  air  and  an  exit 
diameter  ratio  of  dj/dr  =  0.4  (area  ratio  of  0.16).  Figures  13-17  compare  the  theory  to  experiment. 
Figure  13  is  for  M™  =  1.58,  Figure  14  for  M*  =  2.0,  Figure  15  for  Moo  =  2.5,  Figure  16  for  Moo  = 
3.0  and  Figure  17  for  M=c  =  3.88.  Figures  13  and  14  show  excellent  agreement  with  both  the  data 
of  Bowman,  et  al'°  and  Reid,  et  af  at  M*  =  1.58  and  2.0,  respectively  for  values  of  I  as  high  as 
0.02.  At  Meo  =  2.5,  (see  Figure  15),  two  sets  of  data  are  available.  TTie  theory  matches  the 
Reference  13  data  quite  nicely,  again  to  values  of  I  =  0.02.  On  the  other  hand,  the  data  of 
Bowman,  et  al*°  appears  to  be  low  for  both  this  Mach  number  and  Mach  number  3.0  as  well.  It 
is  suspected  that  the  Reference  10  data  is  low  because  of  strut  interference  effects  on  base 
pressure  for  the  higher  Mach  number  conditions.  Bowman,  et  al*®  pointed  out  that  their  strut  was 
quite  thick  due  to  having  the  air  pumped  through  the  strut  and  into  the  base  region. 

The  present  authors  fotmd  that  with  89  base  pressure  orifice  measurements,'*  fins  and 
struts  do  indeed  affect  the  base  pressure.  This  effect  tends  to  lower  Pb/P~  below  the  value  it 
should  be  without  the  interference  effect  present.  We  were  able  to  isolate  the  interference  effect 
to  a  small  region  directly  behind  the  fins  or  strut.  When  this  region  was  area  averaged  over  the 
entire  base,  a  lower  value  of  base  pressure  coefficient  was  obtained,  and  a  higher  value  of  base 
drag.  With  a  large  number  of  base  pressure  taps,  the  interference  effect  of  the  strut  would  be 
eliminated.  Reference  10  indicated  Ae  model  diameter  was  only  1  inch,  so  it  is  suspected  that 
not  enough  pressure  taps  were  available  to  isolate  the  interference  effect.  This  effect  appears  to 
be  the  highest  at  the  higher  Mach  numbers. 

Mach  3.0  results  are  given  in  Figure  15.  Here,  the  theory  is  compared  to  the  data  of 
Reference  10  as  well  as  that  of  Reference  15  for  various  size  exit  diameters  of  the  injector.  The 
theory  matches  the  Reference  15  data  in  an  exceptional  maimer  for  large  values  of  dj/dr  (0.67)  up 
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©  Exp 
—  Theory 


Injection  Parameter  (1) 


FIGURE  13.  COMPARISON  OF  THEORY  AND  EXPERIMENT  FOR  BASE  PRESSURE  RATIO 
AT  BASE  BLEED  CONDITIONS  (M.  =  1.58,  dj/dr  =  0.4;  Tj  =  520  °R) 


©  Exp 
—  Theory 


Injection  Parameter  (I) 

FIGURE  14.  COMPARISON  OF  THEORY  AND  EXPERIMENT  FOR  BASE  PRESSURE  RATIO 
AT  BASE  BLEED  CONDITIONS  (M.  =  2.0;  dj/dr  =  0.4;  Tj  =  520  “R) 
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FIGURE  15.  COMPARISON  OF  THEORY  AND  EXPERIMENT  FOR  BASE  PRESSURE  RATIO 
AT  BASE  BLEED  CONDITIONS  (M.  =  2.5;  dj/dr  =  0.4;  Tj  =  520  °R) 


FIGURE  16A.  COMPARISON  OF  THEORY  AND  EXPERIMENT  FOR  BASE  PRESSURE  RATIO 
AT  BASE  BLEED  CONDITIONS  (M„  =  3.0;  dj/dr  =  0.4;  Tj  =  520  “R) 
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Injection  Parameter  (I) 

FIGURE  16B.  UPPER  LIMIT  OF  I  VERSUS  dj/dr  FOR  ACCURATE 
VALUES  OF  Pb/P» 


FIGURE  17.  COMPARISON  OF  THEORY  AND  EXPERIMENT  FOR  BASE  PRESSURE  RATIO 
AT  BASE  BLEED  CONDITIONS  (M.  =  3.88;  dj/dr  =  0.4;  Tj  =  520  °R) 
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to  values  of  I  of  0.025.  However,  for  the  smaller  values  of  dj/dr  of  0.22,  theoretical  computations 
are  reasonable  for  I  of  0.005  and  less.  However,  for  dj/dr  =  0.45,  the  theory  can  be  used  up  to 
values  of  1  of  0.01.  An  empirical  constraint,  which  can  be  used  as  an  application  guideline  for 
the  modified  theory  of  Danberg,  is  shown  in  Figure  16B  based  on  the  results  of  Figxzre  16A.  The 
equation  shown  in  the  figure. 


2 

1,,,,  =0.0331 

} 

+  0.0118 

max 

UrJ 

kJ 

(23) 


gives  the  maximum  value  of  I  for  a  given  value  of  ejector  diameter  ratio  where  accurate  values 
of  Pb/P»  can  be  expected  from  the  theory.  This  equation  is  expected  to  be  conservative  for  Mach 
numbers  less  than  3.0  and  may  be  optimistic  for  Mach  numbers  greater  than  3.0.  This  statement 
is  based  on  the  fact  that  as  Mach  number  decreases,  the  value  of  1  where  accurate  results  of  Pb/P» 
can  be  expected  increases  for  a  fixed  value  of  dj/dr  =  0.4. 

The  last  comparison  of  predicted  base  pressure  with  Mach  number  at  room  temperature 
conditions  is  shown  on  Figure  17  for  M*  =  3.88.  The  experimental  data  is  taken  from 
Reference  12.  As  seen  in  the  figure,  acceptable  accuracy  can  be  obtained  for  values  of  1  up  to 
about  0.008. 

Several  cases  were  found  where  hot  gas  was  used  as  the  injectant.  The  first  of  these  cases 
is  taken  from  Reference  23  and  comparisons  of  theory  and  experiment  at  Mo=  =  0.71  and  0.98  are 
shown  in  Figures  18  and  19,  respectively.  Temperature  of  the  gas  is  2150  °R  and  the  ejector 
diameter  ratio  is  0.31.  Comparison  of  theory  to  experiment  is  excellent  for  both  Mach  numbers, 
although  data  was  only  available  for  values  of  1  <  0.008. 

The  next  hot  gas  data  is  taken  from  Reference  11.  Bowman  and  Clayden*'  used  argon 
heated  to  a  range  that  varied  from  room  temperature  (520  °R)  to  9126  °R  at  M»  =  2.0.  The 
modified  theory  is  compared  to  the  Reference  1 1  data  for  a  Tj  value  for  5400  °R  where  dj/dr  = 
0.2  in  Figure  20.  Recall  from  Figure  16  that  for  values  of  dj/dr  =  0.2,  the  maximum  value  of  I 
where  accurate  results  of  the  theory  can  be  expected  for  a  cold  gas  is  approximately  0.0037.  As 
seen  in  Figure  20,  for  a  hot  gas,  this  value  of  .0037  is  too  high  by  about  a  third.  In  other  words, 
for  a  hot  gas,  the  limiting  values  computed  for  Imax  by  Equation  23  should  be  reduced  somewhat. 
However,  since  the  maximum  value  of  base  pressure  ratio  occurs  at  approximately  0.0008  to 
0.0022  for  this  case,  the  theory  is  still  reasonable  for  the  practical  case.  That  is  because  one 
would  choose  a  value  of  1  in  the  design  process  to  give  maximum  values  of  Pb/P~.  Also,  for  a 
hot  gas.  Equation  23  should  be  modified  according  to 


cold 


(24) 


Figure  21  summarizes  the  revised  mathematical  model  of  Danberg  that  will  be 
incorporated  into  the  AP02.  The  revisions  specifically  included  in  the  Danberg  model  are  use  of 
the  AP02  empirical  data  base  to  predict  (Pb/P~)i=o;  using  a  constant  value  for  P  of  2.6  versus 
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0.00  0.01  0.02 
Injection  Parameter  (I) 

FIGURE  18.  COMPARISON  OF  THEORY  AND  EXPERIMENT  FOR  BASE  PRESSURE  RATIO 
AT  BASE  BLEED  CONDITIONS  (M.  =  0.71;  dj/dr  =  0.31;  Tj  =  2150  °R) 


0.00  0.01  0.02 
Injection  Parameter  (I) 

FIGURE  19.  COMPARISON  OF  THEORY  AND  EXPERIMENT  FOR  BASE  PRESSURE  RATIO 
AT  BASE  BLEED  CONDITIONS  (M,  =  0.98;  dj/dr  =  0.31;  Tj  =  2150  °R) 
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FIGURE  20.  COMPARISON  OF  THEORY  AND  EXPERIMENT  FOR  BASE  PRESSURE  RATIO 
AT  BASE  BLEED  CONDITIONS  (M.  =  2.0;  dj/dr  =  0.2;  Tj  =  5400  "R) 


Equation  (20b);  and  defining  a  range  of  values  of  I  as  a  function  of  exit  diameter  ratio  that 
accurate  values  of  Pb/P»  can  be  expected  from  the  theory. 

The  155  mm  M864  projectile  of  Reference  3  (see  Figure  22  A)  is  used  here  as  a  practical 
illustration  example  of  the  modified  base  bleed  theory  of  Danberg,  which  will  be  incorporated 
into  the  aeroprediction  code  and  be  transitioned  as  the  AP02.  The  M864  configuration  is 
5.79  calibers  in  length  with  a  3.42  caliber  truncated  nose.  The  boattail  is  0.5  caliber  and  has  a 
3  deg  boattail  angle.  Figure  22B  compares  the  AP02  predictions  of  zero  lift  drag  to  the  ballistic 
range  and  NS  computations  taken  from  Reference  3.  In  general,  the  AP02  gives  quite  acceptable 
agreement  to  the  experimental  data,  and  in  most  cases  is  slightly  better  than  the  NS  calculations. 
Figure  22C  compares  the  AP02  zero  lift  drag  calculations  for  values  of  I  =  0,  0.0025  and  0.005. 
These  values  of  I  cover  the  practical  range  of  interest.  Notice  the  drag  reduction  effect  of  base 
bleed.  The  effect  is  particularly  pronounced  at  Mach  numbers  less  than  about  0.9.  For 
illustration  purposes,  the  M864  boattail  length  was  increased  from  0.5  to  1 .0  caliber  and  the 
angle  increased  from  3  to  7  deg.  Values  of  for  this  case  are  shown  with  the  open  symbol  in 

Figure  22C.  Note  that  the  drag  reduction  is  about  comparable  to  the  base  bleed  parameter  value 
I  =  0.0025  for  M»  ^  0.7.  The  point  of  illustration  is  to  show  why  base  bleed  is  used  in  design 
tradeoffs  and  for  specific  applications,  but  is  not  the  author’s  preferred  choice  for  range  increase. 
The  reasons  are  several  fold.  First,  the  drag  reduction  from  a  boattail  occurs  in  a  passive  manner 
throughout  the  flight  of  a  projectile  and  is  repeatable  with  fairly  low  ballistic  errors.  It  also  is 
low  cost.  Base  bleed,  on  the  other  hand,  has  additional  costs,  and  for  practical  values  of  I,  is  no 
better  in  drag  reduction  than  a  good  boattail  design. 
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Zb  ^  Pb  , 


Poo  lP«j,=o  l  +  2.6al 


where: 


from  AP02  Empirical  Data  Base 


a  =(-  5.395  +  0.01 72  Tj )  +(4.6 1  -  0.0 146Tj) 

+[-0.566  +  0.00446Tj]m^ 


I  =  Injection  Parameter 

Tj  =  Exit  Temperature  (deg  Rankine) 


rdV  Td-^ 

Imax  =  (0.033 1)  —  +  (o.oi  1 8)  —  for  cold  gas 
d,  I  d,  J 


(^max)Hotgas 


Cold  gas 


Imax  =  Maximum  value  of  I  for  given  value  of  dj/dr  where  accurate  values  of  Pb/Po. 
can  be  expected 


FIGURE  21.  REVISED  DANBERG^  MODEL  FOR  BASE  BLEED 
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FIGURE  22B.  ZERO  LIFT  DRAG  COMPARISONS  OF  THEORY  AND 
EXPERIMENT  FOR  155  MM,  M864  PROJECTILE  (I  =  0) 


NSWCDD/TR-00/67 


FIGURE  22C.  ZERO  LIFT  DRAG  OF  M864  PROJECTILE  FOR  TYPICAL 
VALUES  OF  BASE  BLEED 


A  second  practical  example  is  taken  from  Reference  24  where  NS  calculations  were 
performed  on  a  cylindrical  based  afterbody  at  Meo  =1.7  and  2.5  for  values  of  the  mass  injection 
parameter  of  0  to  0.03.  These  NS  results  were  then  compared  in  Reference  24  to  the 
experimental  data  of  Schilling^^.  The  AP02  computations  for  this  same  case  at  M«  =  1 .7  and  2.5 
are  compared  to  both  the  experimental  results  of  Schilling^^  and  CFD  results  of  Sahu^'*  in 
Figure  23.  At  M„  =  1.7,  the  AP98  result  for  C^g  at  I  =  0  is  slightly  higher  tihian  either  the 
Reference  24  or  25  results.  The  decrease  in  C^g  with  increasing  I  is  parallel  to  the  experiment 

and  CFD  up  to  values  of  I  of  about  0.02  to  0.025  for  this  room  tenmerature  case.  At  =  2.5, 
the  AP02  agrees  very  well  with  the  experimental  data^  and  CFD^  predictions  up  to  values  of 
I  =  0.012  before  the  AP02  results  depart  from  the  more  accurate  theory  or  experimental  results. 
Again,  since  the  practical  range  of  interest  for  I  is  generally  0.01  or  less,  this  level  of  agreement 
with  the  data  is  viewed  as  being  acceptable. 
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0.00  0.01  0.02  0.03 


Injection  Parameter  (I) 


0.00  0.01  0.02  0.03 

Injection  Parameter  (I) 

FIGURE  23.  COMPARISON  OF  THEORY  A2MD  EXPERIMENT  FOR  BASE  DRAG 
AS  A  FUNCTION  OF  MASS  INJECTION  PARAMETER 

3.2  POWER  ON  BASE  DRAG  FOR  ROCKETS 

The  first  case  to  compare  the  present  predictions  of  power  on  base  pressure  are  results 
taken  from  Reference  9  and  correlated  by  Brazzel  as  a  function  of  the  Jet  Momentum  Flux 
parameter  RMF.  These  results,  shown  in  Figure  24,  were  for  various  jet  to  reference  diameter 
ratios  at  Mo,  =  Mj  =  2.0.  Also  shown  in  Figure  24  are  the  predictions  of  the  Brazzel  method 
(indicated  by  the  AP98)  for  the  low  values  of  RMF  computed  from  Equation  (1)  for  various 

values  of  RMF  assuming  Yj  =  1-4  and  xj  =  0.  Since  Mj  =  2,  Tj  /T*  =  0.67  for  Figure  24.  Also 
shown  on  Figure  24  are  the  results  for  the  improved  method  to  be  incorporated  into  the  AP02 
(see  Equation  1 1).  As  seen  in  Figure  24,  both  the  Brazzel  technique  and  the  AP02  method  predict 
base  pressure  slightly  high  compared  to  the  Reference  9  data.  This  means  base  drag  would  be 
slightly  low  compared  to  the  Reference  9  experimental  data. 
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FIGURE  24.  COMPARISON  OF  POWER-ON-BASE  PRESSURE  PREDICTION  WITH 

EXPERIMENT  (Mj  =  2.0,  M.  =  2.0) 


The  second  case  considered  is  taken  from  the  data  of  Bromm,  et  al^^  for  a  cylindrical 
afterbody  configuration.  The  data  is  for  sonic  jet  exit  conditions  at  M*  =  2.41  and  dj/ds  =  0.5. 
Figure  25  compares  the  theory  of  AP02  to  the  experiment.  Theoretical  predictions  give  quite 
satisfactory  comparisons  to  data  with  the  base  drag  being  somewhat  high  compared  to  data.  The 
theory  here  is  basically  that  of  Brazzel,  et  al*  up  to  Pj/Poo  of  about  10.  Above  Pj/Poo  of  30,  there  is 
a  slight  improvement  of  the  AP02  over  the  AP98  prediction.  However,  the  AP02  gives  slightly 
worse  comparisons  to  experiment  than  the  AP98  for  values  of  Pj/P«  between  10  and  30.  Both  the 
AP98  and  AP02  agreement  with  experiment  is  considered  acceptable,  as  either  would  give  only 
small  errors  in  axial  force  coefficient. 

The  next  case  considered  is  taken  from  the  data  of  Reference  5.  M»  =1.5  and  2.5  cases 
are  shown  for  the  Mj  =  1.0,  and  dj/dr  =  0.45  conditions  in  Figure  26.  The  AP02  gives  excellent 
comparison  to  experiment  at  Mo»  =  2.5  and  reasonable  agreement  at  M™  =1.5.  The  power  off 
base  pressure  coefficient  is  noted  for  both  the  M*  =1.5  case  (Cp^  =  —0.19)  and  M»  =  2.5  case 
(Cpg  =  -0.1 15).  This  figure  illustrates  how  power-on  can  actually  increase  base  drag  over  no 
power-on  at  some  conditions,  while  at  other  conditions,  base  drag  can  be  changed  to  base  thrust. 

The  next  case  considered  is  taken  from  Reference  27  and  is  for  Mj  =  2.5,  M»  =  1 .94  and 
dj/dr  =  0.75.  In  addition  to  the  experimental  data  of  Reference  27,  the  data  of  Reference  6  is  also 
shown  in  Figure  27.  The  AP02  compares  fairly  well  with  the  Reference  6  data  at  lower  values  of 
Ct  and  is  in  between  the  Reference  6  and  Reference  27  data  for  higher  values  of  Ct.  Once  again, 
the  power-off  base  pressure  coefficient  is  shown  on  the  Figure  27,  illustrating  that  at  very  low 
values  of  thrust  coefficient,  power  on  increases  base  drag,  whereas  for  higher  values  of  Ct,  base 
drag  is  decreased. 
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FIGURE  25.  COMPARISON  OF  POWER-ON-BASE  PRESSURE  COEFFICIENT 
PREDICTION  WITH  EXPERIMENT  (Mj  =  1,  M.  =  2.41,  dj/de  =  0.5) 


FIGURE  26.  COMPARISON  OF  POWER-ON-BASE  PRESSURE  COEFFICIENT 
PREDICTION  WITH  EXPERIMENT  (Mj  =  1.0,  dj/de  =  0.45) 
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FIGXJRE  27.  COMPARISON  OF  POWER-ON-BASE  PRESSURE  COEFFICIENT 
PREDICTION  WITH  EXPERIMENT  (Mj  =  2.5,  M.  =  1.94,  dj/dr  =  0.75) 

Figure  28  illustrates  results  for  jet  exit  Mach  number  of  3.5,  where  the  other  conditions 
(M«  =  1 .94,  dj/dr  =  0.75)  are  the  same  as  those  in  Figure  27.  Again,  the  AP02  is  in  agreement 
with  the  Reference  6  data  at  low  values  of  Ct  and  is  in  between  the  Reference  27  and 
Reference  6  data  for  high  values  of  Ct. 

Figure  29  compares  the  AP02  predictions  for  Cp^  to  the  data  from  Reference  26  for  two 

sets  of  exit  Mach  numbers  (Mj  =  1 .78  and  Mj  =  2.7)  for  M«  =  2.5  and  dj/dr  =  0.2.  Results  are 
shown  for  fairly  low  values  of  thrust  coefficient.  Reasonable  agreement  is  obtained  for  both 
cases,  with  errors  in  Cp^  predictions  of  up  to  20  percent.  Errors  in  and  Ca  will  be  reduced 
considerably  due  to  the  fact  Cp^  only  acts  over  the  area  outside  the  exit  and  C^g  is  only  a 
portion  of  the  total  axial  force. 

Petrie,  et  al^*  conducted  experiments  to  measure  power  on  base  pressure  on  a  tangent 
ogive  cylinder  with  freestream  Mach  number  of  1.4,  and  jet  exit  Mach  number  of  2.2.  Two 
pressure  ratios  at  the  exit  were  considered,  Pj/Po.  =  2.15  and  6.44.  Petrie  invited  outside 
participants  to  perform  both  semiempirical  predictions  as  well  as  various  NS  calculations  to 
predict  base  pressure  at  these  two  conditions.  For  Pj/P»  =  2.15  and  RMF  =  0.32,  the  present 
method  is  that  of  Brazzel  so  that  Pb/P~  =  0.25  based  on  Equation  (10).  This  compares  to  an 
average  experimental  value  of  Pb/P~  =  0.4,  or  an  error  of  37.5  percent.  The  other  semiempirical 
models  gave  somewhat  better  predictions  as  the  errors  varied  from  about  12  percent  too  high  to 
20  percent  too  low.  However,  NS  predictions  gave  errors  that  were  35  to  50  percent  too  high. 
For  the  Pj/P«  =  6.44  case,  RMF=  0.96.  Here,  Equation  (10)  yields  slightly  different  results  from 
that  of  Brazzel  as  Pb/P~  =  0.34.  This  compares  to  an  average  experimental  value  of  Pb/P~  =  0.44, 
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FIGURE  28.  COMPARISON  OF  POWER-ON-BASE  PRESSURE  COEFFICIENT 
PREDICTION  WITH  EXPERIMENT  (Mj  =  3.5,  M„  =  1.94,  dj/de  =  0.75) 


FIGURE  29.  COMPARISON  OF  POWER-ON-BASE  PRESSURE  COEFFICIENT 
PREDICTION  WITH  EXPERIMENT  (M.  =  2.5,  dj/dr  =  0.2) 
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giving  an  error  of  about  23  percent.  For  this  case,  the  present  predictions  are  better  than  the 
semi  empirical  prediction  errors  presented  in  Reference  28  (35  percent)  or  the  NS  predictions 
(32  percent).  This  example  illustrates  the  difficulty  in  accurately  predicting  base  pressure 
coefficient  and  also  the  wide  spread  in  prediction  values  fi-om  the  various  theoretical  methods 
available. 

The  next  three  examples  are  taken  from  the  experimental  database  of  Rubin.^^  Rubin 
measured  power  on  base  drag  in  the  transonic  speed  regime  for  cylindrical,  flare,  and  boattail 
afterbodies  at  transonic  Mach  numbers.  Figure  30  compares  the  semiempirical  predictions  to  the 
data  of  Rubin  for  the  cylindrical  afterbody  at  Moo  =  0.9,  1.0,  and  1.2.  Experimental  data  was 
based  on  Mj  =  2.7  and  d/ds  =  0.8  and  0.45.  A  conical  nozzle  was  used  with  6j  =  20  deg.  The 
agreement  between  the  experiment  and  theory  at  all  three  Mach  numbers  is  reasonable. 
However,  for  M^  =  0.9  and  Ct  <  4,  the  experimental  data  shows  Pb/Poo  increasing.  The  present 
theory  will  not  predict  the  minimum  base  pressure  ratio.  This  increase  in  Pb/P»  will  continue  as 
Ct  gets  small  imtil  a  maximum  is  reached  at  base  bleed  conditions,  after  which  Pb/P*  will 
decrease  to  its  power-off  value. 

Figure  31  presents  the  comparison  of  theory  and  experiment  for  the  boattailed  afterbody 
case.  Results  for  the  same  three  ffeestream  Mach  numbers  (M»  =  0.9, 1 .0,  and  1 .2)  are  shown  on 
the  figure.  The  boattail  angle  is  6.35  deg  and  the  boattail  length  is  0.82  caliber.  Again, 
reasonable  agreement  with  experiment  is  seen  except  for  M»  =  0.9  and  1 .0  and  for  low  values  of 
Ct,  where  the  minimum  value  of  Pb/P~  has  been  reached. 

Figure  32  presents  the  comparison  of  theory  and  experiment  for  the  flare  afterbody  case. 
The  flare  angle  is  6.54  deg  and  its  length  is  1.34  caliber.  Good  agreement  between  theory  and 
experiment  is  seen,  except  for  M«  =  0.9  and  Ct  <  6,  where  the  base  pressure  is  seen  to  start 
increasing  after  a  minimum  has  been  reached. 

The  last  case  considered  is  a  boattailed  configuration  taken  from  the  data  of  Craft  and 
Brazzel.^  Theory  and  experiment  are  shown  in  Figure  33  for  M«,  =  1.5  and  2.5.  Again  Mj  =  2.7, 
dj/dr  =  0.45,  6j  =  20  deg,  0b  =  2.93  deg  and  «b  =  1-37  calibers.  Very  good  agreement  of  theory 
and  experiment  is  obtained  at  M«,  =  1.5.  However,  for  M«  =  2.5  the  theory  is  about  10  to 
30  percent  too  high  for  Ct  ^  8.  The  reason  for  the  overprediction  is  not  clear.  However,  it  is  to 
be  suspected  that  the  error  is  due  to  the  Reference  6  data  base  being  given  more  weight  in  the 
development  of  the  present  empirical  model  than  the  Reference  5  data  base.  As  seen  in 
Figure  3B,  the  Reference  6  data  is  higher  than  the  Reference  5  data.  The  discrepancy  is  unclear. 
One  author  of  another  reference  did  indicate  that  he  had  to  ignore  his  M»  =  2.0  data  due  to  the 
fact  the  bow  shock  wave  reflected  from  the  wind  tunnel  wall  into  the  base  flow  area,  causing 
erroneous  readings  at  this  condition. 
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4.0  SUMMARY  AND  CONCLUSIONS 


To  summarize  the  comparison  of  experiment  to  the  modified  model  of  Danberg  to  predict 
base  pressure  at  base  bleed  conditions,  the  following  conclusions  are  drawn: 

1.  The  modified  theory  gave  good  agreement  to  cold  gas  experimental  data  for  all 
practical  values  of  the  injection  parameter  and  ejector  diameter  ratio  and  at  all  Mach 
numbers  where  data  was  found.  These  values  are  typically  I  <  0.005  and  d/dr  ~  0.4. 
The  theory  was  seen  to  be  accurate  for  many  conditions  outside  the  practical  range  of 
applicability. 

2.  A  relationship  was  derived  for  cold  gas  conditions  where  the  maximum  value  of  I  as  a 
function  of  the  ejector  diameter  ratio  could  be  used  with  accurate  values  of  base 
pressure  ratio  expected.  For  hot  gas  conditions,  this  cold  gas  upper  limit  was  reduced 
by  about  one  third. 

3.  In  general,  the  semiempirical  theory  applicability  range  increases  with  decreasing 
Mach  numbers  (larger  values  of  I  allowed). 

4.  For  limited  hot  gas  comparisons  of  theory  and  experiment,  it  was  seen  that  the  theory 
gave  acceptable  agreement  to  the  data.  It  was  also  seen  that  the  optimum  value  of  I  is 
much  lower  than  for  cold  gas  conditions. 

5.  While  base  bleed  is  an  effective  way  to  reduce  drag  and  increase  range,  a  properly 
designed  boattail  can  achieve  the  same  amount  of  drag  reduction  as  base  bleed  fi-om  a 
fairly  square-based  projectile,  but  with  better  accuracy  and  lower  cost. 

To  summarize  the  power-on  base  drag  prediction  method  for  rockets,  an  improved 
semiempirical  method  has  been  developed.  It  is  patterned  after  the  method  of  Brazzel  and 
Henderson*  but  has  been  modified  significantly  to  make  it  more  robust  in  terms  of  values  of 
thrust  coefficient  allowed,  ffeestream  Mach  numbers  allowed,  and  afterbody  geometries  allowed. 
In  comparing  the  new  method  to  experimental  data,  it  was  seen  to  give  reasonable  comparisons 
to  most  databases.  However,  it  was  found  that  not  all  experimental  data  were  consistent,  so  part 
of  the  poor  comparisons  with  some  cases  is  believed  to  be  experimental  measurement  problems. 
While  the  new  method  has  been  validated  with  various  types  of  afterbodies  (boattail,  flare,  or 
cylinder),  it  has  not  been  validated  at  angle  of  attack  or  when  fins  were  present.  It  is  assumed 
that  the  change  in  base  pressure  due  to  the  presence  of  fins  and  angle  of  attack  at  power-off 
conditions  can  be  applied  directly  to  the  power-on  base  pressure  predictions. 

While  the  present  improved  semiempirical  power-on  base  pressure  prediction  method  is 
believed  to  be  an  improvement  over  existing  empirical  techniques,  additional  work  is  still  needed 
in  this  area.  For  example,  the  present  method  does  not  account  for  nozzle  exit  angle.  Additional 
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validations  (and  possible  modifications  of  the  method)  are  needed  for  angle  of  attack  and  fin 
effects  as  well. 
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6.0  SYMBOLS  AND  DEFINITIONS 


Aref 


At 


c 

Ca 


»  ^Af  ’  ^Aw 


c 


Pb 


Ct 

d 


Fi,  F2,  F3 


I 

m 

M 

P 


Po 

RMF 

t 

ttip 

t/c 


Reference  area  which  is  cross-sectional  area  of  body  (ft^) 

Area  of  rocket  motor  nozzle  throat  cross-section 
Fin  root  chord  (ft) 

Axial  force  coefficient 

Base,  skin-ffiction  and  wave  components  of  axial  force  coefficient, 
respectively 

Base  Pressure  Coefficient 
Thrust  Coefficient 
Diameter 

Symbols  defining  parameters  used  in  semiempirical  model  for  base  drag 
prediction 

Nondimensional  base  bleed  injection  parameter 
Mass  rate  of  flow  (pAV) 

Mach  number 
Static  pressure  (Ib/ft^) 

Total  pressure  (Ib/ft^) 

Jet  momentum  flux  ratio 
Fin  thickness  at  root  chord  (ft) 

Fin  thickness  at  tip  (ft) 

Fin  thickness-to-chord  ratio 
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Fin  thickness-to-body  reference  diameter  ratio 
Temperature  (°R)  or  thrust  (lbs) 

Velocity  (ft/sec) 

Distance  from  body  base  to  fin  trailing  edge  (for  6  =  0  deg) 

Distance  of  jet  exit  from  body  base  (positive  behind  base) 

Distance  from  body  base  to  fin  trailing  edge  (for  6  =  0  deg)  in  tail  root 
chord  lengths 

Body  angle  of  attack  (deg)  (positive  nose  up) 

Fin  control  deflection  (positive  leading  edge  up) 

Ratio  of  specific  heats 
Density  (slugs/fl^) 

General  Subscripts 
Conditions  at  body  base 
Conditions  in  rocket  motor  chamber 
Conditions  at  nozzle  exit 
Reference  conditions 
Freestream  conditions 

Subscripts  on  Cp^ 

Cpg  of  body  with  flare 
Cpg  of  body  alone  with  no  fins 

Cpg  of  body  with  fins  of  a  given  thickness-to-chord  ratio 

Cpg  of  body  with  fins  located  a  given  distance  from  the  body  base  in  fin 
root  chord  lengths 
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a  Cpg  of  body  at  a  given  angle  of  attack 

6  Cpg  of  body  with  fins  at  a  given  deflection  angle 

Superscript 

*  Indicates  conditions  where  M  =  1 .0 
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